Introduction
Study of the solid-state properties of oxides regarding reactivity and catalytic activity requires complex characterization of the samples: morphology, chemical composition and purity, crystallographic phases, bulk properties, nature and concentration of surface sites etc., either alone or in combination, can become essential in the interpretation of experimental results. In the case of multicomponent solids (e.g.: oxide-systems) the situation can even be more complex. Therefore, we consider the "solid solution approach", first reviewed by Cimino [1] , as a valuable tool: preparation of real solid solutions can yield solid systems of well-defined structure even at the atomic level. We have successfully applied this approach in our recent works [2] [3] [4] [5] [6] .
Even in the case of some "pure" oxides one has to deal with a multi-component solid system, due to non-stoichiometry, resulting in special defect-sites, which -from chemical point of view -behave as a new component [7] . An interesting and widely studied [8] [9] [10] [11] [12] example is CdO, an «-type semiconductor, where excess Cd in interstitial positions bears special, expectably advantageous redox properties.
In the present paper first we briefly review the literature referring to the defect-structure of CdO. Next we discuss several ways for the direct chemical analysis of the concentration of defect sites (that of excess Cd). Finally we describe the changes in the excess-Cd concentration caused by reduction in H 2 and re-oxidation in air.
References on the Defect-Structure of CdO
Most of earlier reports [8] [9] [10] [11] [12] [13] [14] [15] are devoted to the crystallographic structure, optical spectra and electric conductivity of CdO. One may conclude, that the defect-sites of CdO are formed by interstitially positioned excess Cd:
Cdiat, + Of", = Cd? n t + 2e + 1/2 0 2 CdO can either be normal («-type) or degenerated (metallic) semiconductor, depending upon the pretreatment. Nevertheless there are very few data about the concentration of these defect-sites.
Cimino [14] , studying the change of the lattice parameter upon incorporation of Ag + and In 3+ , estimated the amount of excess Cd as 0.01-0.04% = 100-400 ppm Cd/CdO. Jarzelski [16] and Finkenrath [10] prepared CdO specimens of different electron-(i.e.: excess Cd) concentration by sintering CdO in air at different temperatures. The concentration of excess Cd (calculated from the Hall-effect) varied between 50 and 1000 ppm. Jarzelski found a constant value up to 280 °C, a minimum of 50 ppm at 500 °C and a pronounced increase above 600 °C. Finkenrath observed a monotonic increase from 50 ppm (600 °C) up to 600 ppm (1000 °C).
Studying the thermal decomposition of Cd(COO) 2 • 3 H 2 0 Fatemi [17] found that the solubility of Cd in CdO is limited (0.4% = 4000 ppm) and the formed metallic Cd can easily be oxidized by air at elevated temperatures.
In the above cases the concentration of excess Cd was affected by ignition in air, where partial decomposition of CdO took place. Surprisingly there are no reports referring to the effect of any reducing atmos-phere. Verhoeven [18] studied the bulk reduction of CdO by H 2 : the reaction started at 280 °C and become complete at about 370 °C, the rate monotonously decreased with increasing conversion.
In our previous papers [3, 6] we have studied a set of solid-solution type Cd-Ca-O -S0 4 samples, prepared by spray-decomposition technique [19] . CdO proved to be degenerated semiconductor, the concentration of excess Cd ranged between 50-200 ppm (the way of analysis is discussed in the next section). We found, that incorporation of CdO either into a solid solution (CdO-CaO) or into a compound (2Cd0CdS0 4 ) results in higher stability of CdO, thus increasing the possibility of its application under reducing conditions.
All the earlier results were based upon indirect determination of excess Cd (from X-ray, DTA, electric conductivity etc.). Anyhow, one should not neglect some possibilities for the direct determination by chemical analysis.
Methods for Direct Determination of Excess Cd in CdO by Chemical Analysis
In 1966 Norman published a method for photometric analysis of excess Cd in CdO [20] , The excess Cd, from chemical point of view, behaves as a zerovalence state ("metallic") Cd, thus dissolving the sample in acid, in the presence of K 2 Cr 2 0 7 , the evolving hydrogen reduces a fraction of Cr 2 0 7 2-to Cr 3+ . The unreacted dichromate can then be determined by spectrophotometry, using diphenyl-carbazide as a colouring agent. The effect of any reducing agent, other than Cd, is eliminated by the use of a reference solution, where K 2 Cr 2 0 7 is added only after the total dissolution of CdO.
This method seemed to be advisable, even if there was no reference in the literature for its application. In our practice the recipe of Norman has considerably been modified to achieve variable sample-size, higher and stable absorbance and better reproducibility. The details of the analytical procedure will be published elsewhere. The method is applicable in the range of 0-1500 ppm Cd/CdO.
We have applied other analytical methods, too, in order to measure samples of higher excess Cd concentration. Shatlock [21] proposed a titrimetric procedure: CdO is dissolved in a solution of 5-sulfosalicylic acid (complexing agent for Cd 2+ ), the excess Cd can then be oxidized by I 2 , the unreacted I 2 is back-titrated with Na 2 S 2 0 3 . As we found, the dissolution of CdO was very slow, we applied tartaric acid instead. The titrations can be performed with 0.01 M solutions, the reproducibility proved to be very good. The range of applicability is 500-50,000 ppm (5%).
If the CdO sample contains even higher amount of Cd (which, of course, forms separate Cd phase) the dissolution in tartaric acid can simply be followed by gravimetric measurement of the undissolved metallic Cd.
Summing up: the combined application of the above three analytical methods makes it possible to directly determine the concentration of excess Cd in CdO and even the metallic Cd content of more extensively reduced samples.
Behaviour of Excess Cd in CdO During Reduction in H 2 and Re-oxidation in Air
The following experimental results will illustrate the reliability of the analytical methods, discussed in the previous section, furthermore some general conclusions regarding to the redox behaviour and defectstructure of CdO can also be drawn.
CdO was a commercial one of anal, grade, a fine brown powder. It was homogenized in an agate mortar, sieved, and the fraction of d < 0.1 mm was used. Heat-treatments were carried out in a flow-system glass reactor under isothermal conditions. The sample was cooled down in the gas-stream and stored in an air-tight container. Analysis of the excess Cd was performed by at least one (in some cases two) of the methods described in section 2. Tables I and II will list not only the mean values, but all the parallels, to illustrate the reproducibility of analysis. Table I lists the results for CdO heat-treated in air. Both the trend and the value of 45 ppm at 500 °C is in accordance with earlier data [10, 16] . Table II summarizes the excess-Cd concentration of samples heat-treated in H 2 . There are no relevant literature data to be compared with, but the observed monotonous increase with raising temperatur is in accordance with the obvious expectations. The pronounced increase at about 300 °C, indicating the start of bulk reduction is in accordance with the results of Verhoeven [18] . The reproducibility of the heat-treatment itself was also checked by a 2nd set of reduced samples. Within the analytical error the same values were found, indicating that in spite of the complexity of the processes under study, a careful treatment may provide reliable results. Analysis of samples heat-treated in H 2 with different duration (1, 2, 4, 8 h) has shown no significant changes after 1 h. Earlier we often found, that in the case of solidstate reactions (reduction, thermal decomposition) not the duration, but the temperature of the process plays the decisive role.
The phase-composition of the samples was studied by X-ray diffractometry, detailed results will be published elsewhere. The sample treated in air at 500 °C is a pure, well-crystalline CdO. Samples reduced in H 2 did not show the presence of Cd phase up to 280 °C, only a small amount of Cd(OH) 2 was detected (from the surface hydration by H 2 0, formed upon reduction). In accordance with Fatemi [17] the solubility limit of excess Cd in CdO may be at about 4000-5000 ppm.
In the re-oxidation experiments a set of samples, previously reduced in H 2 , was heat-treated in air at the same temperature. Results are collected in Table III . The extent of re-oxidation became significant above 280 °C, only with those samples, containing separate Cd phase. Thus we can state, that the reactivity of Cd formed during the reduction of CdO may vary within wide limits, the excess Cd incorporated into the matrix of CdO is more resistant against re-oxidation, than the bulk Cd phase. Here we refer to our previous result [5] in the Fe 2 0 3 -A1 2 0 3 system, where incorporation of Fe 2 0 3 into solid solution also increased its stability against reduction and reoxidation. The ease and the high extent of re-oxidation of bulk Cd was observed by derivatographic measurements, too. With samples of 30 and 75% Cdcontent, heating up in air, an exothermic peak and an increase in mass was detected between 300 and 550 °C, even a small endothermic peak at 320 °C (indicating the melting of bulk Cd) could be observed.
Conclusions
By the application and development of the methods of Norman and Shatlock we are able to directly analyse the amount of excess Cd (either in solid-solution or as a separate Cd phase) in CdO within the whole range of 0 ppm -100%. A change in the nature of the solid occurs at about 4000-5000 ppm, above this concentration Cd phase is formed. The excess Cd concentration can easily be varied by mild reduction in H 2 Hi. S = spectrophotometry, T = titrimetry. G -gravimetry.
(150-300 °C). The excess Cd in solid solution is more resistant against re-oxidation than the bulk Cd-phase. Preparation and analysis of CdO samples with different excess-Cd concentration provides a way to obtain relevant model systems for solid-state and catalytic research. In the latter case, however, the possible surface effects (segregation) is to be checked by chemisorption or surface-spectroscopic techniques, it will be the topic of our further studies, as well.
